Sleep is beneficial for various types of learning and memory, including a finger-tapping motor-sequence task. However, methodological issues hinder clarification of the crucial cortical regions for sleep-dependent consolidation in motor-sequence learning. Here, to investigate the core cortical region for sleep-dependent consolidation of finger-tapping motor-sequence learning, while human subjects were asleep, we measured spontaneous cortical oscillations by magnetoencephalography together with polysomnography, and sourcelocalized the origins of oscillations using individual anatomical brain information from MRI. First, we confirmed that performance of the task at a retest session after sleep significantly increased compared with performance at the training session before sleep. Second, spontaneous ␦ and fast-oscillations significantly increased in the supplementary motor area (SMA) during post-training compared with pretraining sleep, showing significant and high correlation with the performance increase. Third, the increased spontaneous oscillations in the SMA correlated with performance improvement were specific to slow-wave sleep. We also found that correlations of ␦ oscillation between the SMA and the prefrontal and between the SMA and the parietal regions tended to decrease after training. These results suggest that a core brain region for sleep-dependent consolidation of the finger-tapping motor-sequence learning resides in the SMA contralateral to the trained hand and is mediated by spontaneous ␦ and fast-oscillations, especially during slow-wave sleep. The consolidation may arise along with possible reorganization of a larger-scale cortical network that involves the SMA and cortical regions outside the motor regions, including prefrontal and parietal regions.
Introduction
A growing body of evidence indicates that sleep contributes to consolidation of motor-skill learning, including learning of the finger-tapping motor-sequence task (Karni et al., 1995) . First, performance on this task significantly improves after sleep compared with after an equivalent time-interval of wakefulness (Fischer et al., 2002 (Fischer et al., , 2005 Walker et al., 2002 Walker et al., , 2003 Debas et al., 2010) . Second, learning of the task becomes more resilient to interference after sleep (Korman et al., 2007) . These findings satisfy the definition of consolidation (Dudai and Eisenberg, 2004) .
However, the mechanism of sleep-dependent consolidation of the finger-tapping learning remains unclear, mainly because of methodological limits. One line of studies has used electroencephalography (EEG) during sleep. These studies have found that EEG sleep spindles, which are the characteristic brain waves during NREM sleep in the central area of the scalp, are involved in sleep-dependent consolidation of the task. Given that the primary motor area (M1) is located in the central brain region, such studies suggested that M1 is involved in sleep-dependent consolidation (Nishida and Walker, 2007; Manoach et al., 2010) . However, application of transcranial magnetic stimulation to M1 did not prevent the improvement of a motor skill if subjects slept after training (Robertson et al., 2005) . This leaves open the possibility that EEG's spatial resolution is so low that EEG may also reflect signals from other motor regions that are involved in motor memory, such as the premotor cortex (PM), the supplemen-tary motor area (SMA), and the pre-SMA (Shima and Tanji, 1998; Nakamura et al., 1999; Maquet et al., 2000; Perez et al., 2007; Sumner et al., 2007; Nitsche et al., 2010; Dayan and Cohen, 2011) . In any case, it seems difficult to draw a definite conclusion as to which area(s) are involved in the consolidation with EEG data alone.
Another line of studies has used fMRI. fMRI has a better spatial resolution than EEG and has been used to contrast brain activation during execution of the task before and after sleep while subjects were awake. These studies have suggested that motor areas, including M1 and PM (Fischer et al., 2005; Walker et al., 2005) , or the ventral striatum (Debas et al., 2010) are involved in consolidation. However, the results may not necessarily reflect sleep-dependent consolidation alone because the postsleep fMRI test involves memory retrieval processes (Dayan and Cohen, 2011) .
To get around the problems inherent in EEG or fMRI studies, we measured spontaneous brain oscillations via magnetoencephalography (MEG) along with polysomnography (PSG) while subjects were asleep, and source-localized the origin of spontaneous neuromagnetic oscillations using the individual's cortical information obtained from MRI (Ahveninen et al., 2007) . These combined methods allowed real-time measurement of activation with sufficiently high spatial resolution to distinguish the neighboring motor-memory areas regarding sleep-dependent consolidation of the motor skill.
Materials and Methods
Subjects. Potential subjects completed questionnaires regarding their sleep-wake habits: usual sleep and wake time, regularity of their sleep habits, habits of nap-taking, sleep complaints, regularity of lifestyle (e.g., mealtimes), their physical and psychiatric health, and sleeping conditions. Anyone with physical or psychiatric disease, currently receiving medical treatment, or suspected of having a sleep disorder was excluded. People who had the habit of taking a nap, consuming alcoholic beverages before sleep, or smoking were also excluded. Only people who had regular sleep-wake cycles were included (i.e., differences between average bedtimes, sleep durations, and wake-up times on weekdays and weekends were Ͻ2 h). The average sleep duration for each potential subject ranged from 6 -9 h regularly. Four subjects were excluded based on the exclusion criteria. As a result, a total of 16 subjects (8 females and 8 males, mean age 26.5 Ϯ 0.99 years) participated in the experiment. Ten subjects (5 females and 5 males, mean age 26.3 Ϯ 1.44 years) participated in the main experiment and 6 (3 females and 3 males, mean age 26.8 Ϯ 1.39 years) in the control experiment. All but one subject were right handed. One subject was excluded from the main condition because he showed difficulty in sleep maintenance and distorted sleep structure on the posttraining sleep (e.g., 70 min of waking after sleep onset and no REM sleep within 3 h of the sleep session).
This study was approved by the institutional review board of the Massachusetts General Hospital where the experiments were conducted. After experimenters thoroughly described the purpose and procedure of the study to the subjects, all subjects gave written informed consent for their participation in the experiments.
Experimental procedures. In the main experiment, four sleep sessions were conducted in total (Fig. 1 ). MEG and PSG were measured during sleep in the four sleep sessions (for detail see Data acquisition). Anatomical MRI session was conducted in a separate session (for detail see Data acquisition).
In the field of human sleep research, the first-night effect has been well documented (Agnew et al., 1966; Tamaki et al., 2005a, b, c) . The firstnight effect is the degradation of sleep quality that is observed in the first session of sleep experiments. The first-night effect is usually largely reduced in the second sleep session in PSG testing. However, considering the particular environment of MEG scanners, we administered two adaptation sessions before the pretraining and post-training sleep sessions to minimize the first-night effect. The procedure of adaptation sessions was exactly the same as in the pretraining sleep session. After these two adaptation sleep sessions, the pretraining and post-training sleep sessions were measured on the third and fourth nights, respectively. In addition, we instructed the subjects that they could sleep if they were sleepy; however, it was not necessary to fall asleep quickly. This instruction was given to reduce psychological pressure to sleep and to prevent subjects from suffering a hyperarousal state. Subjects' head positions were fixed firmly with pillows and towels before the measurement. In addition, we measured head position continuously in our pilot study and confirmed that head motion was minimal (Ͻ4 mm).
Taking into account individual circadian rhythm variations, each subject's sleep time was set to her/his habitual sleep time instead of enforcing a uniform time for both the pretraining and post-training sleep sessions (on the third and fourth nights, respectively). On average, the lights were turned off around midnight (at 0:05 on the pretraining and at 0:03 on the post-training sleep sessions) so that MEG and PSG recordings were initiated at the subjects' usual sleep time. MEG and PSG were measured during the first 3 h of nightly sleep. On the fourth night, the subjects visited the laboratory 2 h before their bedtime and underwent an initial training of a motor-sequence task (for details, see Motor task). After initial training, the post-training sleep session began. A retest of the task was conducted 1 h after a subject woke up to dissipate sleep inertia (Tassi and Muzet, 2000) .
Starting 3 d before the onset of the experiment, subjects were instructed to maintain their sleep-wake habits (i.e., their daily sleep/wake time and sleep duration). One day before each experiment, they were instructed to refrain from excessive alcohol consumption, unusual physical exercise, and nap taking. Their sleep-wake habits were recorded in a sleep log to ensure the success of this procedure.
As a no-sleep control experiment, we conducted the initial training and retest sessions of the finger-tapping task, with the same time interval of ϳ4 h at the same circadian timing as in the main experiment. Participants underwent initial training of the motor-sequence task starting 2 h before they usually went to bed; and after the initial training, they spent 4 h in the laboratory under the supervision of an experimenter. The no-sleep session started around midnight as in the main sleep experiment. Subjects were allowed to read a book or magazine, chat with the experimenter, or watch a DVD movie during this period. A retest of the task was conducted ϳ4 h after the initial training.
Motor task. The finger-tapping motor-sequence task, originally developed by Karni et al. (1995) , was used. The task requires subjects to press four numeric keys on a standard computer keyboard with the fingers of their nondominant hand, repeating a nine-element sequence, as quickly Figure 1 . Experimental design. Participants took part in two MEG adaptation sleep sessions before the pretraining and post-training sleep sessions. On the third night, brain activity was measured via MEG and PSG (pretraining sleep session). On the fourth night, subjects underwent an initial training of the finger-tapping motor-sequence task that started 2 h before they went to bed. After the initial training, a post-training sleep session with MEG and PSG was conducted at night (post-training sleep session). After post-training sleep, a retest of the task was conducted to test whether performance on the motor task improved after post-training sleep relative to the initial phase of training on the motor task before the post-training sleep session. Anatomical MRI was measured in a separate session.
and as accurately as possible. The same sequence was used across subjects to keep the degree of task difficulty constant because the order of the key presses within the sequence is known to affect the difficulty of movement in this task (Fischer et al., 2002; Kuriyama et al., 2004; Walker et al., 2005) . The numeric sequence was displayed on the screen at all times to exclude any working memory component from the task. The computer recorded the key tap responses, and each 30 s block was automatically scored for speed and number of correct responses. The initial training session consisted of twelve 30 s blocks with 30 s rest periods between blocks and lasted a total of 11.5 min. The retest session consisted of three 30 s blocks with 30 s rest periods between blocks, in a total time frame of 2.5 min. The performance score from the first block was excluded from further analysis and served as an adaptation block. The performance scores from the average scores of the final two blocks of the training session were taken as the presleep performance score. The average scores of the first two blocks (except the adaptation block) of the retest session were taken as the postsleep performance measure. Performance improvement was defined as the difference between the presleep performance and the postsleep performance measures.
Data acquisition. MEG and PSG were simultaneously recorded in a magnetically shielded room. PSG consisted of EEG, electromyogram (EMG), electrooculogram (EOG), and electrocardiogram (ECG). MEG data were collected using a 306-channel whole-head Vectorview system (Elekta Neuromag) with 204 planar gradiometers and 102 magnetometers. EEG was recorded at seven scalp sites (C3, C4, O1, O 2 , Fz, Cz, and Pz) according to the 10-20 electrode system referenced to the nasion. EOG was recorded from two electrodes placed at the outer canthi of both eyes (horizontal EOG) and above and below the left eye (vertical EOG). EMG was recorded bipolar from the mentum. ECG was recorded simultaneously. Electrode impedance was kept Ͻ5 k⍀.
Both MEG and EEG data were recorded at a sampling rate of 600 Hz after filtering between 0.1 and 200 Hz, and subsequently resampled at 198 Hz. All epochs with changes that exceeded either 150 V in an EOG or 3000 fT/cm at any MEG channel were discarded. The positions of all scalp electrodes, anatomical landmarks including the nasion and two auricular landmarks, and four head-position indicator coils were measured using a FastTrack 3D digitizer (Polhemus). Head position within the MEG sensor array was measured at the beginning of the session. Five-minute empty room MEG recordings were also made immediately before each experiment for the purpose of estimating the noise covariance matrix (Ahveninen et al., 2007) .
MRI anatomical data were measured in a separate session. The data were used for determining the conductor geometry for the boundary element model of the head (Hämäläinen and Sarvas, 1989) , and for registering the MEG sensors' locations with the individual subject's anatomy (Dale et al., 1999; Fischl et al., 1999) . Subjects were scanned in a 3T MR scanner (Allegra or Trio, Siemens); a head coil was used in all experiments. Three T1-weighted MR images (MPRAGE; TR ϭ 2.531 s, TE ϭ 3.28 ms, flip angle ϭ 7°, TI ϭ 1100 ms, 256 slices, voxel size ϭ 1.3 ϫ 1.3 ϫ 1.0 mm 3 ) were acquired. Data were inflated for each participant for brain parcellation to localize individual gyri and sulci (Fischl et al., 2004) . This information was used for the ROI analysis described later.
Sleep scoring procedure. PSG data were scored and classified into sleep stages for every 20 s epoch according to the criteria of Rechtschaffen and Kales (1968) . We also used the supplements and amendments of the Sleep Computing Committee of the Japanese Society of Sleep Research (Hori et al., 2001) to reduce the ambiguity and increase the accuracy of scoring the sleep stages. EEG recordings from the C3 electrode were used for this scoring; if the C3 recording was contaminated by artifacts, C4 recording was used instead. The same scalp area was used for scoring across individuals and across nights. Latency to sleep onset, and the percentage of time spent in each sleep stage (% TST) were calculated for each participant. Sleep onset was defined as the first occurrence of NREM sleep stage 2 after lights out. Accordingly, MEG data during NREM sleep stages from 2-4 of the first sleep cycle were used as sleep data. NREM sleep stages 3 and 4 were combined as slow-wave sleep. MEG data during wakefulness was used for additional analysis.
MEG wavelet and source localization analysis. Only the MEG data recorded with 204 planar gradiometers were used because the raw data recorded from magnetometers displayed cardiac spikes. Because all subjects showed at least the first sleep cycle of NREM sleep, MEG activity for the first sleep cycle was used for further analysis. To compute MEG spectral power (Ahveninen et al., 2007) , a Morlet wavelet with central frequencies of 0.5-14.0 Hz was applied to MEG raw data every 20 s, which was extracted from the first sleep cycle of NREM sleep. To localize the current sources underlying the MEG signals, we used the cortically constrained minimum-norm estimate (MNE) using individual anatomical MRI and constrained the current locations to the cortical mantle (Ahveninen et al., 2007) . Information of the MEG sensors' locations and the structural MRI segmentation were used to compute the forward solutions for all source locations using a single-compartment boundary element model (Hämäläinen and Sarvas, 1989) . The individual forward solutions constituted the rows of the gain (lead-field) matrix. For inverse computations, the cortical surface was decimated to ϳ20,000 vertices per hemisphere. The noise covariance matrix was computed from the emptyroom MEG data. These two matrices were used to calculate the inverse operator to yield the estimated source activity, as a function of time, on a cortical surface (Ahveninen et al., 2007) . The median of the MEG currents was calculated every 20 s for each frequency, and for each ROI (see below). It is possible that spontaneous oscillations with particular frequency bands are involved in sleep-dependent consolidation (Tononi and Cirelli, 2003; Huber et al., 2004; Fogel and Smith, 2006; Nishida and Walker, 2007; Tamaki et al., 2008; Manoach et al., 2010) . Thus, we computed the strength of spontaneous oscillations in several bands that are characteristic of sleep, including the ␦ (0.5-4 Hz), (6 Hz), ␣ (8 -10 Hz), slow (12 Hz), and fast (14 Hz) band activities during the pretraining and post-training sleep sessions in each of ROIs. These were computed using MATLAB (MathWorks) and MNE software (http://www.nmr.mgh.harvard.edu/martinos/userInfo/data/sofMNE.php).
ROI. Based on earlier studies indicating that activation of the central brain region during sleep is significantly associated with improvement on the finger-tapping task (Nishida and Walker, 2007; Manoach et al., 2010) , we predetermined and individually localized a total of eight motor-related areas as ROIs in the central brain region; the areas were M1, the SMA, the pre-SMA, and PM (Fig. 2) , in the contralateral and ipsilateral hemispheres to the trained hand. M1 was determined both functionally and anatomically according to the brain parcellation method (Fischl et al., 2004) . M1 was defined as the superior part of the precentral gyrus that corresponds to hand area, examined by measuring brain activity during the finger-to-thumb opposition task using fMRI. The pre-SMA and the SMA were defined anatomically in accordance with previous studies (Hikosaka et al., 1996; Crosson et al., 1999; Picard and Strick, 2001 ). First, three planes perpendicular to the AC-PC line: one through the rostral-most point of the genu of the corpus callosum (vgcc), one through the posterior margin of the anterior commissure (vac), and one through the posterior commissure (vpc) were defined. Next, the medial side of the superior frontal gyrus between vgcc and vac was defined as the pre-SMA, and a part of precentral sulcus and the superior frontal gyrus between vac and vpc was defined as the SMA. PM was anatomically defined as the junction of the superior precentral sulcus and the superior frontal sulcus (dorsal portion of PM) (Amiez et al., 2006) .
It should be noted that determination of location of the SMA in the present study is different from that described previously (Debas et al., 2010). As stated above, we exclusively defined the SMA as located on the medial side of the brain, in accordance with other previous researchers (Hikosaka et al., 1996; Crosson et al., 1999; Picard and Strick, 2001 ). In contrast, according to Debas et al. (2010, their Table 1 ), which shows the MNI coordinates of the regions whose activation was increased during wakefulness after sleep consolidation learning, none of the coordinates corresponds to the medial side of the brain region. It is suggested that they defined the SMA to be located on the lateral side of the superior frontal gyrus, whereas we defined the part of the lateral side of the superior frontal gyrus as M1.
Results

Two criteria for sleep-dependent consolidation
Whether a given spontaneous oscillation in a given ROI is involved in sleep-dependent consolidation was determined to be positive if the following two criteria were met. We adopted these criteria because they have been used in previous studies, and both of them have been considered to be important in examining sleep-dependent consolidation in those studies. First, the strength of spontaneous oscillations of an ROI should be significantly different between pretraining sleep and post-training sleep (Gais et al., 2002; Huber et al., 2004; Nishida and Walker, 2007; Tamaki et al., 2008; Manoach et al., 2010) . Second, a significant correlation should exist between change in the strength of spontaneous oscillation in a ROI and performance improvement (Gais et al., 2002 , Huber et al., 2004 , Nishida and Walker, 2007 , Tamaki et al., 2008 , Manoach et al., 2010 . For each criterion, an ␣ level (type I error rate) was set at 0.05. The ␣ level of an ANOVA with repeated measures was adjusted by using Greenhouse-Geisser's .
Increased MEG activation in post-training sleep: first criterion
All subjects reached at least the first sleep cycle of NREM sleep. Thus, MEG activity during NREM sleep in the first sleep cycle was analyzed according to a procedure used in previous research (Huber et al., 2004) .
A four-way repeated-measures ANOVA was used to test whether the strength of brain activation differs significantly during the presleep and postsleep sessions; the factors were sleep stage (three sleep stages: awake, NREM stage 2, and slow-wave sleep), ROI (8 ROIs: M1, SMA, pre-SMA, and PM in contralateral and ipsilateral hemispheres to the trained hand), frequency (5 frequency bands: ␦, , ␣, slow , and fast ), and sleep session (pretraining and post-training sleep sessions). Because the four-way interaction was significant, we applied a three-way ANOVA (factors: ROI, frequency, and sleep session) with repeated measures separately for each sleep stage: awake, NREM stage 2, and slow-wave sleep. Brain activation during slow-wave sleep was significantly different between the presleep and postsleep sessions, depending on frequency and ROI as follows: A three-way ANOVA for slow-wave sleep showed significant main effects for ROI (F (7,56) ϭ 16.957, p Ͻ 0.001, ϭ 0.377), frequency (F (4,32) ϭ 136.926, p Ͻ 0.001, ϭ 0.257), and sleep session (F (1,8) ϭ 11.088, p ϭ 0.010, ϭ 1). Moreover, there were significant interactions in frequency ϫ sleep session (F (4,32) ϭ 9.366, p ϭ 0.013, ϭ 0.270) and ROI ϫ frequency (F (28,224) ϭ 16.030, p Ͻ 0.001, ϭ 0.121). To further explore which ROIs showed a significant difference in overall strength of brain activation between pretraining and post-training sleep sessions, twoway repeated-measures ANOVAs (factors: frequency and sleep session) for each ROI for slow-wave sleep stage were conducted. The analyses revealed significant main effects for sleep session and/or interactions in 7 of the 8 ROIs (Table 1) . Post hoc twotailed t tests were conducted for each frequency band on the 7 ROIs where a significant main effect for sleep session or interaction was observed, to test whether oscillation strength is signifi- cantly different between pretraining and post-training sleep sessions (Table 2 ). Significant differences were found in 11 spontaneous oscillations bands in several ROIs as follows: ␦ (in the bilateral M1, SMA, pre-SMA, and contralateral PM to the trained hand), (in the contralateral M1, contralateral SMA, and ipsilateral pre-SMA), and fast-(in the contralateral SMA) band activities. These 11 spontaneous activations during slow-wave sleep in several ROIs satisfied the first criterion, that is, neural activation should change significantly between the post-training compared with pretraining sleep sessions. In contrast, there was no significant difference between strength of spontaneous brain activation between the presleep and postsleep sessions across ROIs and frequencies during NREM stage 2 and during wakefulness. For NREM stage 2, the results of a three-way repeated-measures ANOVA (factors: sleep session, ROI, and frequency) indicated that there was no significant main effect for sleep session, although there were significant main effects for ROI (F (7,56) ϭ 13.853, p Ͻ 0.001, ϭ 0.351) and frequency (F (4,32) ϭ 94.201, p Ͻ 0.001, ϭ 0.289). In addition, there was no significant interaction in sleep session ϫ frequency, or sleep session ϫ ROI, whereas there was a significant interaction in ROI ϫ frequency (F (28,224) ϭ 6.735, p ϭ 0.001, ϭ 0.141). There was no significant interaction in frequency ϫ sleep session, ROI ϫ sleep session, or ROI ϫ frequency. Analogously, for the awake stage, the results of a three-way repeated-measures ANOVA (factors: sleep session, ROI, and frequency) indicated that there was no significant main effect for sleep session, although there were significant main effects for ROI (F (7,56) ϭ 12.123, p Ͻ 0.001, ϭ 0.321) and frequency (F (4,32) ϭ 37.145, p Ͻ 0.001, ϭ 0.543). There was no significant interaction in frequency ϫ sleep session, ROI ϫ sleep session, or ROI ϫ frequency.
The results so far suggest that the increase in the spontaneous oscillations with ␦, , and fast-bands in M1, the SMA, the pre-SMA, and PM were specific to slow-wave sleep.
Enhanced oscillations correlated with performance improvement: second criterion
Our results confirm that performance after sleep versus before sleep increased significantly as described below. First, the number of correctly tapped responses was significantly increased in the retest session, compared with the initial training session (paired t test, p ϭ 0.008). Second, correct tap responses were also significantly faster after sleep ( Fig. 3 ; paired t test, p ϭ 0.018). Because we instructed the subjects to tap as accurately and as fast as possible (see Materials and Methods), we used the speed (i.e., the reaction time) of correct taps in the subsequent analysis. Individual performance improvement was calculated by subtracting the average speed of the correct taps at the retest from the initial training sessions. 
The former analysis corresponds to the first criterion (the activation in a ROI should be significantly different between the post-training vs pretraining sleep sessions), and the latter analysis corresponds to the second criterion (the modified activation in the ROI should be significantly correlated with performance improvement after post-training sleep). To test the second criterion, we examined whether the enhanced MEG oscillations that satisfied the first criterion as mentioned above are correlated with improvement in speed of correct tapping. A correlation coefficient was conducted between performance improvement and activation increase for each of 11 MEG oscillations that satisfied the first criterion (Table 2) . Results showed that only ␦ (r ϭ 0.870, p ϭ 0.002) and fast-(r ϭ 0.797, p ϭ 0.010) band activities in the contralateral SMA showed robust and highly significant correlations with performance improvement (Fig. 4) . No other oscillatory activities in other areas showed significant correlation with performance improvement (Table 2 ). The Grubbs' test (Grubbs, 1969) indicated that none of ␦ and fast-data contained outliers (␣ ϭ 0.05, two-sided) because all the data samples were within 2 SD from the average.
The results so far showed that oscillations in ␦ and fastbands in the SMA contralateral to the trained hand significantly increased during slow-wave sleep in the post-training sleep session and were highly and significantly correlated with performance improvement after sleep.
Network reorganization during slow-wave sleep
In the above analysis, we used the two criteria, which are based on previous studies, but remain somewhat arbitrary. There were 11 MEG oscillations in the 7 (of 8) regions that satisfied the first criterion, and only ␦ and fast-oscillations in the contralateral SMA satisfied the second criterion (Table 2) . However, p value of oscillation in the contralateral SMA ( p ϭ 0.069) and that of ␦ oscillation in the contralateral pre-SMA ( p ϭ 0.067) were close to the ␣ level in the second criterion ( Table 2 ). Given that the number of subjects is not large (n ϭ 9), one might argue that they might have been significant with greater power and that it may be premature to rule out brain regions other than the contralateral SMA. Thus, other motor regions, including the pre-SMA, which was filtered out by our criteria, may also play a role in sleepdependent consolidation of motor learning. In addition, previous studies have suggested that network reorganization occurs between the motor and prefrontal regions, or between the motor and parietal regions after motor learning (Fischer et al., 2005; Walker et al., 2005) . In these studies, the amount of activations of the prefrontal and parietal regions was reduced after sleepdependent consolidation. Thus, frontal and parietal areas may be involved in consolidation along with motor regions as an ensemble of global-scale networks through particular oscillations.
Is there any change in global-scale networks? To address this question, we computed connectivity between ROIs for each oscillation and tested whether there is a cluster of regions whose correlation changes between the presleep and postsleep sessions. We examined oscillation in addition to ␦ and fast-oscillations in this analysis because p value of oscillation in the contralateral SMA was close to the ␣ level in the second criteria as discussed above. In addition to the motor areas, such as M1, PM, the pre-SMA, and the SMA, in the hemisphere contralateral to the trained hand, we included prefrontal and parietal regions in this analysis because these may be involved in the network-level modification (Fischer et al., 2005; Walker et al., 2005) . We defined prefrontal and parietal regions as the opercular part of inferior frontal gyrus and supramarginal gyrus of inferior parietal cortex, respectively, in the hemisphere contralateral to the trained hand, based on an automated surface-based parcellation system individually (Fischl et al., 2004; Destrieux et al., 2010) . Then Pearson's pairwise correlation coefficients between ROIs (15 pairs in total) were computed based on each of ␦, , and fast-oscillation strength, which was extracted every 20 s (see Materials and Methods) during slow-wave sleep, for each of the pretraining and post-training sleep sessions individually.
To test whether the correlations changed between the pretraining and post-training sleep sessions, we applied a three-way repeatedmeasures ANOVA (factors: oscillation, ROI pair, and sleep session), after Fisher z transformation was applied to the correlation coefficients. The result of the ANOVA showed a significant main effect for oscillation (F (2,16) ϭ 14.861, p Ͻ 0.001, ϭ 0.991) and ROI pair (F (14,112) ϭ 20.470, p Ͻ 0.001, ϭ 0.245), but there was no significant main effect for sleep session. A significant interaction in oscillation ϫ ROI pair was found (F (28,224) ϭ 1.815, p ϭ 0.010, ϭ 0.081). In addition, a three-way interaction was close to the significant level (F (28,224) ϭ 1.498, p ϭ 0.058, ϭ 0.085). Because the three-way interaction was almost significant and the interaction in oscillation ϫ ROI pair was significant, next we applied a two-way repeated-measures ANOVA (factors: ROI pair and sleep session) for each frequency to determine whether there was any connectivity change between the presleep and postsleep sessions.
In ␦ oscillation, a two-way ANOVA showed a significant main effect for ROI pair (F (14,112) ϭ 4.171, p ϭ 0.033, ϭ 0.149), but there was no significant main effect for sleep session. Although not statistically significant, the interaction between ROI pair ϫ sleep session was strong (F (14,112) ϭ 1.596, p ϭ 0.091, ϭ 0.163). Based on the trend toward a significant interaction, we conducted further post hoc t tests to determine which ROI pair(s) contributed to the trend. The post hoc t tests revealed that the correlation of the pairs of the SMA, prefrontal (t ϭ 2.442, p ϭ 0.040) and that of the SMA, parietal (t ϭ 2.644, p ϭ 0.021) regions were significant (Fig. 5) . These results suggest that ␦ oscillation networks between the SMA and prefrontal/parietal regions changed from the pretraining to post-training sleep sessions. It is noteworthy that the correlations between these ROI pairs were reduced in the post-training sleep sessions, although there was no significant relationship between the reduction in correlation and performance improvement in either of the ROI pairs. In contrast to ␦ oscillation, neither the nor fast-oscillation network was changed by the training. In the case of oscillation, a two-way repeated-measures ANOVA showed a significant main effect for ROI pair (F (14,112) ϭ 16.375, p Ͻ 0.001, ϭ 0.279), but there was no significant main effect for sleep session, and no interaction between the factors was found. Similarly, for fast-oscillation, a two-way repeated-measures ANOVA showed a significant main effect for ROI pair (F (14,112) ϭ 14.072, p Ͻ 0.001, ϭ 0.189) but no significant main effect for sleep session and no interaction.
In summary, large-scale ␦ oscillation networks involving the SMA, prefrontal, and parietal regions changed during slow-wave sleep in association with the motor skill training.
Ruling out the first-night effect
It is important to show that the present results were not confounded by the first night-effect (Agnew et al., 1966; Tamaki et al., 2005a, b, c) . Therefore, we examined whether it is the case that both the pretraining and post-training sleep sessions (Fig. 1) have comparable sleep structure not affected by the first-night effect. Latency to sleep onset, and percentage distribution of time spent in each sleep stage (Table  3) were calculated. A test of whether overall sleep structure was comparable was conducted, and no significant difference between the pretraining and post-training sleep sessions was revealed, indicating that the first-night effect did not influence overall sleep structure during pretraining and post-training sleep.
Performance did not improve after the same length of time awake
Whether performance improvement occurs without sleep is an interesting question. Although a number of previous studies indicate that this is not the case (Fischer et al., 2002 (Fischer et al., , 2005 Walker et al., 2002; Debas et al., 2010) , we decided to explore whether this was the case in the current study. The results of our no-sleep control experiment, in which initial training and retest measures were conducted at night, with the equivalent circadian timing of the main experiment, showed that the 4 h awake interval did not elicit significant improvement in task performance (t test, p ϭ 0.111).
Discussion
The brain regions involved in sleep-dependent consolidation of the finger-tapping motor-sequence learning task Although a number of studies have shown that sleep benefits learning, a lack of consensus in the field regarding the central site for sleep-dependent consolidation of the finger-tapping motorsequence learning remains. In the current study, as a result of realtime measurement of spontaneous brain activation during sleep using a multimodal neuroimaging technique with high spatiotemporal resolution, we found that ␦ and fast-activities in the SMA contralateral to the trained hand increased during slow-wave sleep and were correlated with performance improvement after sleep. These results suggest that the SMA is a crucial region for sleep-dependent consolidation of the motor skill. Moreover, the intensified spontaneous brain oscillations found in the SMA may represent reorganization of the SMA to consolidate the motor-sequence memory. Censor et al. (2010) have suggested that there could be two memory domains involved in finger-tapping motor-sequence learning, active or inactive, depending on functional states. That is, memory is actively executed in one state and is inactively stored in the core domain site in the other state. M1 is involved in the active state to execute motor memory of the motor skill (Censor et al., 2010) . On the other hand, there should be an inactive core memory site other than M1 because disruption of M1 by transcranial magnetic stimulation did not eliminate already acquired and consolidated motor memory (Robertson et al., 2005; Censor et al., 2010) . Censor et al. (2010) did not specify where the inactive core memory site could be. In the present study, we found that spontaneous brain oscillations in the SMA were enhanced when no active motor performance was executed during sleep, and was correlated with performance improvement. These findings suggest that the core memory site of the finger-tapping motor-sequence learning task involves the SMA contralateral to the trained hand.
Importantly, the two criteria for sleep-dependent consolidation that we adopted were not the ultimatum, although they were used in previous studies ( Nishida and Walker, 2007; Tamaki et al., 2008; Manoach et al., 2010) . A complimentary network analysis was thus conducted. The results suggest that network strengths among the SMA, prefrontal, and parietal regions were weakened in the post-training compared with the pretraining sleep sessions. Although the results do not show statistical significance, there was a strong tendency, which, if real, could imply two interesting possibilities regarding the reduced network strengths between the SMA, which is the core site of sleep-dependent consolidation, and the prefrontal/parietal regions, which are associated with consolidation of the motor skill during sleep. First, the core site may need to be disconnected or uncoupled from other brain regions so that reorganization within the core site can be processed efficiently for consolidation. Previous studies have shown uncoupling of connectivity during slow-wave sleep beyond a specific brain region (Massimini et al., 2005; Horovitz et al., 2009; Spoormaker et al., 2010) . Such uncoupling between regions might occur on a larger scale for consolidation. Second, the connectivity may need to be reduced/eliminated to make processing toward motor output more automated and efficient. It has been suggested that sleepdependent consolidation occurs for extinction of the network that has become excessively redundant for optimal performance (Fischer et al., 2005; Walker et al., 2005) .
Delta and fast-oscillations and plasticity
The results of the current analyses show that both ␦ and fastoscillations play significant roles in sleep-dependent consolidation of finger-tapping motor sequence learning. ␦ and fastbands of spontaneous oscillation have been separately identified as being involved in sleep-dependent consolidation of motor memory, for both finger-tapping tasks and other motor tasks (Tononi and Cirelli, 2003; Huber et al., 2004; Fogel and Smith, 2006; Nishida and Walker, 2007; Tamaki et al., 2008; Manoach et al., 2010) . The present results indicate that both ␦ and fastoscillations are involved in sleep-dependent consolidation of finger-tapping memory. The results are in accord with a recent study that also pointed out the importance of both the ␦ and fast-activities during sleep in association with declarative and procedural memory (Holz et al., 2012) . Why are multiple ranges of spontaneous oscillation involved in consolidation of motor learning during sleep? There are at least two possibilities, which are not necessarily contradictory to each other. First, memory consolidation results from multiple functions that are subserved by different types of oscillations. For example, ␦ activity may serve as a function of downscaling of synaptic activity or long-term depression (Tononi and Cirelli, 2003) , which leads to enhanced learned signals. Fast-activity corresponds to fast sleep spindle activity within two types of sleep spindles (Tamaki et al., 2008) and could produce long-term potentiation in neocortical pyramidal cells (Rosanova and Ulrich, 2005) . Such long-term potentiation may be related to long-term retention of finger-tapping learning. The second possibility is that it is only when signals from several frequency bands are combined or interact that these bands play a significant role in sleepdependent memory consolidation. Indeed, it has been suggested that cross-frequency coupling between amplitudes and phases in different frequency bands facilitates learning and memory (Canolty et al., 2006; Siegel et al., 2009) . Our results support this possibility because increases in the ␦ and fast-activities in the post-training sleep session were only observed during the slow-wave sleep stage, not during sleep stage 2 where abundant sleep spindle activity corresponding to activity should be observed. Thus, our results suggest that existence of ␦ activity is necessary for the fast-activity to be effective in memory consolidation. Importantly, our results also imply that the roles of ␦ and fastoscillations are at least partially different. ␦ oscillation seems to be associated with both modification of processing within the SMA and cortical connectivity alterations among the SMA, prefrontal, and parietal regions. In contrast, fast-oscillation was involved only in the modification of processing within the SMA. Previous studies have found a similar dissociation: whereas ␦ oscillation was associated with increased activation in broad brain regions, including frontal and parietal cortices (Dang-Vu et al., 2008) , fast-oscillation preferred more localized activation in sensory motor cortices . In light of our results, we suggest that ␦ oscillation operates to connect or disconnect distant brain regions and is involved in global plasticity, whereas fast-oscillation is involved in more localized plasticity.
Future directions
Our results indicate that spontaneous oscillations in ␦ and fastspindle frequency bands in the SMA contralateral to the trained hand are significantly associated with sleep-dependent consolidation of finger-tapping motor sequence learning. Based on the results, we propose future studies essential to advancement of scientific knowledge in this important area of research. First, the role of subcortical areas should be clarified. We targeted some cortical areas for analyses in this study. However, subcortical areas may also play a critical role in consolidation of motor memory during sleep and also, importantly, the role that the striatum (Debas et al., 2010) plays during sleep needs to be intensively investigated. Second, the role of ␥ activity should be examined in greater depth (Sirota et al., 2003 (Sirota et al., , 2006 Canolty et al., 2006; Siegel et al., 2009) . In the present study, only the spontaneous oscillations between 0.5 and 14 Hz were analyzed. Third, the role of REM sleep in consolidation needs to be further explored because REM sleep may also be involved in procedural learning (Karni et al., 1994; Rasch et al., 2009; Nitsche et al., 2010) . Finally, more studies directly examining the causal relationship between specific brain regions (Shibata et al., 2011) are needed to unveil the more detailed mechanisms underlying sleepdependent motor memory consolidation.
